The superior crystalline quality of coaxial GaInN/ GaN multiple-quantum shell (MQS) nanowires (NWs) was demonstrated by employing an AlGaN undershell during metal-organic chemical vapor deposition. Scanning transmission electron microscopy (STEM) results reveal that the NW structure consists of distinct GaInN/GaN regions on different positions of the NWs and the cores were dislocation-free. High-resolution atomic contrast STEM images verified the importance of AlGaN undershells in trapping the point defects diffused from n-core to MQSs (m-planes), as well as the improvement of the grown crystal quality on the apex region (c-planes). Time-integrated and time-resolved photoluminescence (PL) measurements were performed to clarify the mechanism of the emission within the coaxial GaInN/GaN MQS NWs. The improved internal quantum efficiency in the NW sample was attributed to the unique AlGaN undershell, which was able to suppress the point defects diffusion and reduce the dislocation densities on c-planes. Carrier lifetimes of 2.19 ns and 8.44 ns were derived from time-resolved PL decay curves for NW samples without and with the AlGaN undershell, respectively. Hence, the use of an AlGaN undershell exhibits promising improvement of optical properties for NW-based white and micro light-emitting diodes.
Introduction
Improving the crystalline quality of GaN-based semiconductors is essential for the applications in solid-state lighting equipment and display systems [1, 2] . However, the performance of conventional light-emitting diodes (LEDs) suffers from high dislocation density and efficiency droop induced by the quantum-confined Stark effect (QCSE) [3, 4] . Over the past decade, GaN-based nanowires (NWs) have received significant attention as a prime candidate for future high-performance nanoscale-optoelectronic devices, such as white LEDs, nanoscale lasers, and micro-LEDs [5] [6] [7] [8] [9] [10] [11] [12] . GaInN/GaN coaxial NW structures have a large surface-to-volume ratio and possess intriguing advantages in comparison to their thin-film/bulk counterparts: (i) significantly reduced threading dislocations, (ii) improvement of light extraction efficiency, (iii) absence of the QCSE in nonpolar m-planes of the NWs, and (iv) large active regions with a core-shell geometry on m-and r-planes [3, 13, 14] . In addition, the incorporation of indium in GaInN/ GaN multiple-quantum-shells (MQSs) can be tuned with the NW diameter, providing the possibility to achieve monolithically integrated white light emission [15, 16] .
To achieve high-performance NW-based devices, one obstacle to overcome is the performance degradation caused by point defects like vacancies and impurities [17, 18] . The point defects are easily segregated on the GaN surface during growth [19] and transferred into the GaInN/ GaN active region, due to the lower formation energy with the increased incorporation of In [20, 21] . An independent phenomenon with dislocation density was observed in GaInN/GaN LEDs under high-current recombination terms [22] , while the point defects mainly contributed to the nonradiative recombination process in the current density range of 10 −2 -10 A/cm −2 [23] . To date, most of the work reported on GaN-based NWs has focused on the growth mechanism and the optically pumped and electrically injected properties [7, [24] [25] [26] . However, less emphasis has been placed on the elimination/suppression of point defects diffusion in GaN-based NWs. To suppress the diffusion of point defects, alternative approaches such as GaInN underlayers and GaN/GaInN superlattice structures have been implemented to increase the In incorporation and improve the crystalline quality of NWs [27, 28] . In addition, A. Armstrong et al. have identified surface deep-level defects and an effective passivation mechanism of an AlGaN shell on GaN NWs [29] . Fundamentally, the AlGaN shell is likely to reduce the point defects on the surface of GaN core NWs due to lower surface mobility of Al, as well as a lower formation energy of vacancies in the AlGaN layer than that in GaN core NWs [30] [31] [32] [33] . For this reason, it is necessary to conduct a detailed investigation to gain insight into the trapping effect of point defects by the AlGaN undershell in terms of its structural and optical impacts on coaxial GaInN/GaN MQS NWs.
In this study, we present a systematic study of the structural and optical properties of the coaxial GaInN/ GaN MQSs NWs. The atomic resolution structural features of NWs with and without the AlGaN undershell were characterized by scanning transmission electron microscopy (STEM). To better understand the effects of the AlGaN undershell on the optical performance, temperature-and power dependent-photoluminescence (PL) spectra measurements were carried out on the coaxial GaInN/GaN NWs, where an intense emission from GaInN/GaN MQSs was observed. Band edge luminescence associated with GaN, along with broad point defect-related yellow luminescence in core NWs, has been observed. By introducing an AlGaN shell underneath GaInN/GaN MQS, the yellowish luminescence from the core-GaN has been suppressed, while the emission intensity of MQS prominently increased. To assess the emission features, time-resolved PL was measured for establishing a direct correlation between structural and other emission properties. The role of the AlGaN shell was deduced as a point defects trapping layer, resulting in reduction of non-radiative recombination centers. Such an investigation can shed some light on the effects of the AlGaN undershell on the quality improvement of GaInN/GaN multiple-quantum-shell NWs. Table 1 .
Experimental growth and characterization methods
The surface morphology of the NW samples was characterized using a scanning electron microscopy (SEM) system (SU70, Hitachi High-Technologies Co., Minato City, Tokyo, Japan) operated at an acceleration voltage of 3 kV. The structural properties and crystalline quality along the NW of samples b and d were assessed by STEM. To characterize the cross-sectional structures, lamella across a single NW was prepared in a focused ion beam (FIB) dual beam system (FEI Helios NanoLab 450, Thermo Fisher Scientific, Waltham, MA, USA). A 150 nm thick protective layer of carbon and several dozens of nanometers of platinum (Pt) were deposited onto the preselected area of the NWs. Afterwards, several micrometers of carbon was deposited on the NWs using FIB to protect the surface of NWs from the FIBinduced damage during the milling process. An electrontransparent thin lamella can be obtained utilizing focused Ga ion sputtering operated at an accelerating voltage of 30 kV, and then followed by a cleaning process by a 2 kV Ga ion beam. The high-resolution measurements were carried out using a Hitachi HD2700 STEM system (Hitachi High Technologies Cor., Minato City, Tokyo, Japan) under an acceleration voltage of 200 kV and a nominal probe size around 0.1 nm. The STEM images were formed by electrons transmitted through the lamella, which scattered to higher angles, and then subsequently acquired using a high-angle annular dark-field (HAADF or Z-contrast) detector.
To analyze the emission properties, two different protocols were carried out for PL measurements, as illustrated in Figure 1A and B. Regarding the macro-PL setup, the excitation source was a 325-nm He-Cd laser (IK Series, KIMMON KOHA Co. Ltd., Itabashi City, Tokyo, Japan) or 405-nm laser diode (NEOARK Corp., Hachioji, Tokyo, Japan), where the power densities were 0.71 mW/mm 2 and 4.87 mW/mm 2 , respectively. The laser spot size in the macro-PL setup is approximately 1 mm in diameter, at an incident angle of 45°, and thus approximately 750 NWs can be measured. The emission signal was collected perpendicularly from the samples by a fiber spectrometer (USB4000, Ocean Optics Inc., Largo, FL, USA) through a fiber collimator. The PL measurements for samples b and d were conducted using a micro-PL setup with a 405-nm excitation laser (Cube Laser, CUBE 405-100C, Coherent Inc., Santa Clara, CA, USA). Both the excitation light and detection optical spectrometer (Fiber-optic Spectrometer, AvaSpec-ULS2048, Avantes, Apeldoorn, the Netherlands) are fiber-coupled to an optical microscope (Olympus Co., Shinjuku, Tokyo, Japan) and in parallel to the NW growth direction. The diameter of the laser spot focused on the NWs was 100 μm through a 20× objective lens, so several dozens of NWs (75 NWs) can be homogeneously excited. To exclude the effects of the excitation peak on the PL, the collected emission signal from NW samples was filtered through a low-pass filter with a cutoff wavelength at 420 nm. The low temperature PL measurement for samples b and d was performed at 12 K, where the temperature was controlled using a closed cycle cryostat system (CS202-DMX-1AL, Advanced Research System, Macungie, PA, USA). Power-dependent PL measurements were carried out for samples b and d at room temperature using the same setup. Time-resolved PL spectra of samples b and d were measured at room temperature utilizing a picosecond pulsed laser system (C4780, Hamamatsu, Hamamatsu City, Shizuoka, Japan) coupled with a microscope. The picosecond-pulsed diode laser was controlled by a laser diode head (PLP-10 C10196, Hamamatsu) with a focusing lens (A10089, Hamamatsu, Hamamatsu City, Shizuoka, Japan). The excitation wavelength of the laser was 405 nm with a repetition rate of 10 MHz and pulse duration of ~70 ps. The emission light was filtered by a long pass filter of 410 nm. The signal was acquired by a synchroscan streak camera system (C4334, Hamamatsu, Hamamatsu City, Shizuoka, Japan) with a temporal resolution of 40 ps.
Results and discussion
After growth, the surface morphology of the four NW samples was evaluated by SEM, as illustrated in Figure 2 . The NWs were grown perpendicularly to the polar c-plane and exhibited six non-polar sidewalls (m-planes). The mplane surfaces were exposed for subsequent growth of the AlGaN undershell and GaInN/GaN MQS. As a reference sample, core NWs with a diameter of 380 nm and a height of 1.3 μm are depicted in Figure 2 (A i ) and (A ii ). Figure 2B displays the shape of the n-core + GaInN/GaN MQSs NWs. Some flakes are observed at the hexagonal corners of the NWs, which may be In-rich droplets. By employing an AlGaN undershell, the diameter of sample d is larger than that of sample b, as shown in Figure 2 (D i ). After growing the coaxial AlGaN undershell or/and GaInN/GaN MQSs, the as-grown NW samples are featured with a uniform shape exposing the c-, r-, and m-planes.
In facets. To analyze the insightful structure features of NWs, transmission electron microscopy measurements were carried out for samples b and d. The lamella was prepared along the growth direction <0001>. The typical HAADF-STEM images of an individual NW in samples b and d are shown in Figure 3A and B. It is confirmed that the relatively uniform NW structures were grown by continuous flow mode MOCVD. The extended dislocations are hardly observed inside the n-core, indicating a superior crystalline quality. The absence of dislocation is an important advantage in the NW samples for high-performance NW-based devices. The presence of the GaInN/GaN MQS region grown on the sidewall of the n-core is clearly identified. In the HAADF-STEM images, the contrast is sensitive to the atomic number of the materials, as a smaller atomic number typically gives less elastically scattered electrons [34] . Hence, the brighter areas correspond to the GaInN wells, because the In is a heavier element than Ga and therefore scatters more electrons to the HAADF detector. The high resolution STEM images of different parts of the MQS NW are shown in Figure 3 The In incorporation in this region is also expected to be rich, in accordance with observed droplets in Figure 2B . As in the case of sample d, the growth rate of the barrier and well on the m-plane decreased, owing to the increased diameter of NW with AlGaN undershell under the same flow rates of precursors as for sample b. Hence, the total volume of each well or barrier on m-planes is expected to be the same in samples b and d. The formation of In-rich droplets was eliminated at the junction region between rand m-planes, as shown in Figure 3 (B ii ). In comparison with the dimensions of the n-core in sample b, the thickness of AlGaN undershell is estimated to be ~58 nm.
The top area of NWs is a critical part in fabricating NW-based LEDs with high performance, since the low crystalline quality might provide additional leakage paths through dislocations or point defects. The apex part of a NW in sample b exhibited a pyramidal shape with rough morphology as shown in Figure 4A , which may be due to the high impinging rate of precursors during the growth of GaInN/GaN MQSs on c-planes. Thus, the In adatoms were incorporated with Ga and homogeneously distributed over the surface area of the apex [35] . Ga droplets were speculated to form on the apex, resulting in a rough morphology. In addition, the STEM image of the apex part shows that some voids formed on the c-plane during MQS growth. The interfaces between barriers and wells are indistinguishable at the c-plane, because of the fast growth rate on the c-plane and additional migration of adatoms from the slow growth facets (r-planes). The MQSs on the c-plane exhibit no obvious interface between the MQS and n-core, as shown in Figure 4 (A iii ). Dislocation and pyramidal defects [36, 37] Figure 4 (B iv ) and (B v ). Hence, the AlGaN shell indeed not only plays an important role in trapping the point defects diffusion from n-core to MQSs but also improves the grown crystalline quality on c-planes.
Since the growth conditions, template substrate, and configuration of the MOCVD reactor have critical impacts on the c-, r-, and m-planes MQS structures, it is difficult to theoretically estimate the In incorporation. A comprehensive study of optical features was performed by using macro-and micro-PL characterizations. The room temperature PL spectra measurements were carried out on the NW samples without MQS, illuminated by a 325-nm laser. Here, the samples were probed using the macro-PL setup as depicted in Figure 1A . The PL spectra are as shown in Figure 5A , and one can observe a strong yellow emission located at 565 nm. Compared with the emission from the commercial substrate, an enhanced emission intensity is observed in n-core NWs (sample a). The yellow emission in the n-core is ascribed to the point defects involved during high-temperature growth. By using an AlGaN undershell, the signal of this yellow emission is suppressed, which verified the effect of the AlGaN undershell on suppressing point defects. The PL spectra of as-grown MQS NW samples b and d were probed by macro-PL using a 405 nm laser as the excitation source. Figure 5B shows the results of the NW samples recorded at room temperature. The is much higher than that of the m-plane sidewalls [38] . Thus, the longer emission peak at 490 nm is ascribed to the emission from r-planes, while the shorter one is from m-planes of NWs. The PL intensity is increased 2.3 times in sample d in comparison to that without the AlGaN undershell. However, the dislocation defects are visible on the c-plane from the STEM results, where the emission is expected to be much weaker than that of m-planes. Therefore, the emissions from r-and m-planes are equivalently dominant contributions due to the configuration feature of the macro-PL setup with 45° incident angle. It should be noted that the 405 nm excitation wavelength is not suitable to excite the luminescence from the point defects in the n-core, which is mostly fed with a higher-energy excitation above the GaN band edge [39] . It is expected that the blue peak originates from the emission of the MQS on the m-planes, whereas the green peak arises from the In-rich region at the junction between the m-and the r-planes.
For a better understanding of the effects of AlGaN undershell on optical properties, low temperature micro-PL measurements were performed for the NW samples. Figure 6A and B show the PL spectra of samples b and d, measured at room temperature and 12 K, respectively. It seems that the broad emission spectrum consists of three separated signals, i.e. the emissions from MQS on the c-, r-, and m-planes (75 NW arrays). Namely, the micro-PL emission spectrum is a result of merging three different peaks from different parts of the NWs. Therefore, the PL spectra can be fitted using three Gaussian components. It is believed that emission peak I is attributed to the MQS on m-planes while peak II is the resultant emission from r-planes, and peak III originates from the GaInN layer on the apex part (small area). However, the dislocation defects and triangular defects determine the weaker emissions than that of m-planes. The internal quantum efficiency (IQE) value can be approximately derived by comparing PL intensity at room temperature with respect to that measured at low temperature [40] : IQE(RT) = I(RT)/ I(LT), where I(RT) and I(LT) denote the integrated intensity of PL measured at room temperature (300 K) and low temperature (12 K) . Assuming the IQE at 12 K is 100%, the estimated IQE values for samples b and d are 29.32% and 35.52% at room temperature, respectively. The improved IQE in sample d is attributed to the unique AlGaN undershell, which can suppress the point defects diffusion and reduce the MQS growth-induced dislocation densities on c-planes. In order to further investigate the progression of emission in NWs, excitation power-dependent PL measurements were performed on these samples, as shown in Figure 6C and D. Both samples exhibit a linear increase of integrated intensity as a function of excitation power. Theoretically, the electron-hole pair concentration in the quantum well increases with excitation power, which can screen the piezoelectric field and induce a blueshift of the emission peak on polar plane (QCSE) [41] . Since the emissions from r-and m-planes are dominant, no obvious blueshift of power-dependent PL is observed in these two NW samples.
To exclude the effects of measurement configuration of PL setups, the reflectance for the coaxial NW structures was numerically investigated by a three-dimensional finite difference time domain method. The simulation was carried out using rigorous coupled wave analysis method in the commercial RSoft Photonics CAD Suite software (Synopsys and RSoft Design Group, Synopsys Inc., Mountain View, CA, USA). A plane-wave excitation source from the topside of NWs was used for the reflectance simulation. The details of the simulation process can be found in a previous paper [13] . The reflectance for MQS NW arrays was simulated for the macro-and micro-PL setup, as well as the case in planar multiple-quantum wells (MQW) structures. The geometrical model for the NW samples was fitted according to the dimensions from SEM images in Figure 2 . The results in Figure 7 reveal that the reflectance in NW MQS structures is lower than that of plain MQW over the simulated wavelength range, 400-800 nm. For the macro-PL case in Figure 7A , the reflectance in NWs almost decreases linearly as wavelength increases. In Figure 7B , it is noted that the local minimum point of light reflectance redshifts towards longer wavelengths in NWs, due to the increase of the NW diameter with AlGaN undershell. In both cases, the reflectance in NWs is comparable to that without an undershell. Therefore, it is believed that the observed PL enhancement in NWs with an AlGaN undershell is mainly attributed to the blocking of point defects diffusion.
The PL spectra reveal that In composition of the InGaN/GaN MQW layer grown with the same conditions exhibits a slight difference in the m-plane and r-plane. In addition, the growth rate of the r-plane is much lower than that of the c-plane and m-plane, since the adatoms migration and In diffusion at the r-plane is slower than at the m-plane [42] . In addition to the temperature-dependent PL spectra, time-resolved PL measurements were performed to understand the effects of AlGaN undershell. The decay curves from samples b and d are illustrated in Figure 8 , fitted by a two-exponential model. The PL intensity as a function of time is described as follows [43] : I(t) = A 1 exp (−t/τ 1 ) + A 2 exp(−t/τ 2 ), where τ 1 and τ 2 represent the fast and slow decay lifetimes and A 1 and A 2 are constants, respectively. The fast decay component τ 1 corresponds to both radiative and non-radiative recombination processes in GaInN/GaN MQS [44] . The fitted carrier lifetimes (fast component) for samples b and d are 2.19 ns and 8.44 ns, respectively. It was reported that point defects and impurities are the main factors determining emission intensity rather than threading dislocations [22, 23, 40] . Hence, it reveals that the emission intensity in MQS increases by employing the AlGaN undershell, mainly due to the reduction of point defects density in the MQS active area including the c-, r-, and m-planes. It is speculated that the AlGaN undershell reduces the point defects as well as dislocations in the c-plane, as confirmed via STEM results. Therefore, the enhancement of PL emission and IQE in sample d is mainly attributed to the effects of AlGaN undershell. Nevertheless, the IQE is expected to be further increased by improving the spatial distribution of Al and In incorporation along the m-planes on sidewalls [38] .
Conclusion
In conclusion, we gained an insight into the structural and optical properties of coaxial GaInN/GaN MQS NWs with an AlGaN undershell. The structural and optical features of the core-shell NW structures have been addressed on three different facets (c-, r-, and m-planes). The structural properties of the NWs were investigated by HAADF-STEM imaging, indicating structural uniformity and free of dislocations inside the core structures. The In-rich droplets at the junction between r-and m-planes have been eliminated. The high resolution of HAADF-STEM clarified that the point defects diffusion from n-core to MQS region has been effectively suppressed on m-planes of NWs by employing an AlGaN undershell. Moreover, the pyramidal defect and voids formation were significantly reduced on the apex region. Macro-PL measurements of NW samples proved the effective suppression of point defects by the AlGaN undershell. The PL intensity of MQSs was increased 2.3 times in NW sample in comparison to that without the AlGaN undershell. The time-resolved PL results clarified the superior quality of coaxial GaInN/GaN MQS NWs in terms of a significantly elongated carrier lifetime from 2.19 ns to 8.44 ns in NW samples before and after employing an AlGaN undershell. The feasibility in obtaining low point defects and dislocation-free m-plane coaxial NWs using MOCVD can be utilized for the realization of high-performance white and micro-LEDs. 
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